Individually, these elementary Ca 2ϩ release events dissipate rapidly: they are of short duration and remain spatially restricted unless they become functionally couThe first European conference on Ca 2ϩ signaling in the pled. But the interior of the nucleus is devoid of organelles cell nucleus was held at Baia Paraellios, Calabria, Italy, that might serve to store and release Ca 2ϩ . This raises during October 4-8, 1997. This conference was Eurothe question of the origin of nuclear Ca 2ϩ signals. The pean only in name as the organizers (O. Bachs, E. Carause of high-speed confocal line-scanning microscopy foli, P. Nicotera, and L. Santella) succeeded in asrevealed that nuclear Ca 2ϩ waves emanate at the nusembling for the first time a group of distinguished cleus/cytosol border (Fox et al., 1997) . Thus, rather than international scientists holding divergent views for an allowing passive diffusion, the NE may in fact serve as enlightening dialog on the various aspects of Ca 2ϩ siga barrier (Al-Mohanna et al., 1994) to cytosolic calcium naling in the cell nucleus.
changes and function as the Ca 2ϩ storage site that sustains propagation of Ca 2ϩ signals through the nucleoThe Birth of Nuclear Ca 2؉ Research plasm. Ca 2ϩ signaling is an area of intense research, and the Ultimately, studies on nuclear Ca 2ϩ become relevant basic mechanisms of cytosolic Ca 2ϩ signals are beginonly in the light of specific functions. Numerous Ca 2ϩ -ning to be understood. It is now accepted that calcium binding proteins and Ca 2ϩ -regulated nuclear processes signals do exist in the cell nucleus. But this has not have been identified. These topics were debated during always been so evident. The nuclear envelope (NE) conthe Baia Paraellios Conference, including Ca 2ϩ transsists of an inner and an outer membrane separated by porting system of the nuclear envelope, cross-talk bethe perinuclear space. The perinuclear space is continutween the cytosolic and nuclear Ca 2ϩ pools, nuclear ous with the lumen of the endoplasmic reticulum (ER).
pore complexes, Ca 2ϩ dependent nuclear functions, and The inner and outer membranes join periodically at the the possible role of nuclear Ca 2ϩ in pathology. nuclear pore complex (NPC). It has long been assumed that the NPC forms a large channel for the free diffusion of ions and macromolecules. In this view, the flow of Ca 2؉ Transporting Systems of the Nuclear Envelope Evidence in support of the independent regulation of calcium between nucleus and cytoplasm would appear unrestricted. This idea has been challenged over the nuclear Ca 2ϩ has centered on the existence of a mechanism for generating Ca 2ϩ signals in the nucleus. Inositol years. One of the convincing arguments for autonomous regulation of nuclear Ca 2ϩ was the finding that the nu-1,4,5-trisphosphate receptor (IP3R), ryanodine receptor (RYR), and inositol 1, 3,4,5- , 1996) .
Among various reasons for the controversy regarding ER, by the second messenger inositol 1,4,5-trisphosphate (InsP 3 ). Ca 2ϩ mobilization can also be mediated nuclear Ca 2ϩ homeostasis, the most prominent concerns the methods used for quantitating Ca 2ϩ concenby another second messenger, cyclic adenosine diphosphate ribose (cADP ribose), acting upon a second class trations. Although our current understanding of cellular Ca 2ϩ homeostasis has benefited considerably from the of intracellular ER release channels, the RYR. Similarly, it was established in 1990 that isolated nuclei are enavailability of Ca 2ϩ -sensitive fluorescent dyes, the use of these indicators in the case of the nucleus has posed dowed with functional InsP3 receptors . The introduction into the nucleus of IP3 or cADPproblems. Some of these difficulties include dye compartmentalization and alteration in dye sensitivity due ribose evokes the release of Ca 2ϩ accumulated into the NE, which is primarily directed toward the nucleoplasm to binding with different proteins in various cell compartments. Potential artifacts have been identified using (Gerasimenko et al., 1995; Hennager et al., 1995; Santella and Kyozuka, 1997) . both conventional and confocal imaging techniques. The development of selectively targeted photoprotein Furthermore, IP 3 R and RYR have been located on the inner nuclear envelope (Gerasimenko et al., 1995; Humaequorin copy is widely used for measuring nucleo-cytoplasmic have been identified in the nucleus, one probably presCa 2ϩ gradients. These dyes accumulate essentially in ent in the nuclear membrane and the other located interthe cytosol, yet some of them do have access to the nally, either as a part of a proteolipid complex, or as nucleus by diffusion through the NPC. Depending on part of the recently identified invaginations of the nuclear the cell system studied, the method used, or the physioenvelope, which appear to invade the inner matrix of logical state, the concentration of Ca 2ϩ in the nucleus the nucleus. Other components required for driving the has been found to be lower, higher, or equal to that nuclear inositide cycle were shown to be present in the of the cytoplasm. S. Bolsover (Physiology, University nucleus (Divecha et al., 1991) , including phospholipase College London) described that when cells loaded with C␤1, which can hydrolyze PIP2 to generate nuclear IP3 fluorescent calcium indicators are stimulated, the amand diacylglycerol.
plitude of the resulting fluorescence change is often How is the nuclear calcium pool filled? An ATP-medigreater in the nucleus than in the cytosol. In contrast, ated nuclear Ca 2ϩ -transporter (nuclear Ca 2ϩ -ATPase or B. Himpens (Physiology, University of Leuven) detected NCA) was identified in 1982 by Kulikova (Kulikova et al., significant delays in the amplitude and duration of the 1982) and confirmed by Orrenius (Nicotera et al., 1989) . nucleocytoplasmic calcium gradient (Himpens et al., NCA is located on the outer nuclear membrane (Humbert 1994) . However, M. Bootman (Department of Zoology, et al., 1996) . The NCA is inhibited by thapsigargin and University of Cambridge) indicated that global calcium is insensitive to DBHQ (2,5-di(t-butyl)-1,4-benzohydrowaves may penetrate the nucleus without any appreciaquinone), whereas the ER Ca 2ϩ pump is sensitive to both ble delay. thapsigargin and DBHQ. Whether this difference reflects One reason for these discrepancies concerns the cellthe direct interaction of DBHQ with the pump or is respecific nature of nuclear-cytoplasmic Ca 2ϩ exchanges. lated to the different lipid environment (ER and nucleus),
The stage of cell development (i.e., proliferation or differis an open question (Lanini et al., 1992) . Malviya also entiation) may also play a role. But the main source presented data based on confocal microscopic obserof concern over the significance of the differences in vations and biochemical studies, showing that nuclear nuclear and cytosolic fluorescence has centered mainly Ca 2ϩ pump activity is stimulated by cyclic AMP-depenupon possible artifacts. Bolsover pointed out that, first, dent protein kinase (PKA) phosphorylation.
even if the degree to which the dye becomes calcium Malviya discussed yet another pathway for filling the loaded is the same in both cytosol and nucleus, the nuclear calcium pool. Nuclear calcium uptake (Kö ppler signal may be larger in the nucleus because of a differet al., 1993) is mediated by inositol 1,3,4,5-tetrakisphosence in the fluorescence properties of the indicator. phate (IP4). The concentration of free calcium in the Second, a similar calcium increase in the two locations uptake medium bathing the nuclei determines the may produce a greater loading of nuclear dye, due to a "choice" between ATP or IP 4 Ϫmediated nuclear calcium greater affinity of nuclear dye for calcium. And third, entry. IP4Ϫmediated nuclear calcium uptake becomes although the calcium concentration increase in the nuoperative above 1 M free calcium concentration in the cleoplasm and cytosol may be identical, the overall caluptake medium. IP 4 Ϫmediated calcium uptake remains cium change estimated by cytoplasmic dye may be enigmatic, particularly its energetics. In the cytosol, the smaller because the dye also determines the calcium role of IP4 is also poorly understood. The nuclear IP4R concentration in membrane-bound organelles. These is a 74 kDa protein that is totally different from other views were also shared by W. T. Mason (Neurobiology, IP 4 R so far documented.
Babraham Institute, Cambridge). Signal termination requires extrusion of Ca 2ϩ out of The development of recombinant aequorin derivatives the nucleoplasm. It was suggested that this may occur selectively targeted to the nucleus or to the cytosol by by exit through the NPC. E. Carafoli (Biochemistry, ETH, Zurich) expressed concern about nuclear pores being Pozzan and collaborators has provided an important new tool (Brini et al., 1993 (normal ion channels span one membrane whereas the in and out of the nucleus (Panté and Aebi, 1996) . So NPCs span two). The observed ionic conductances are their 3-D architecture (Panté and Aebi, 1994) and their attributed to NPCs. Patch-clamping data, discussed by permeability were discussed in great detail in a number J. Bustamante (Physiology, University of Sao Paulo), of presentations, including the EMBO Lecture delivered Clapham, and Santella, showed giga-ohm resistance, by U. Aebi (Biozentrum, Basel). The NPC reveals a tripari.e., absolute sealing of the envelope. Clearly, unless tite architecture consisting of a basic framework made one claims that the patch-clamping procedure had alof eight multidomain spokes embracing a central pore, tered the permeability of the NPC, sealing them tightly, which is sandwiched between a cytoplasmic ring, from the electrophysiological data are incompatible with the which eight kinked fibrils radiate, and a nuclear ring, concept of free Ca 2ϩ permeability of the pores. Bustacapped with a basket assembled from eight filaments mante also presented data showing opening and closing joined distally into a 30-40 nm diameter terminal ring. of pores resembling the ion channel conductances seen
The central pore harbors a gated channel, which has in mitochondria, ER, or SR.
also been called a "plug" or "transporter." Another important parameter that has emerged in re-
The nature of the central plug depicted in electron cent studies concerns the distance from the NE at which microscopy-based projection images of the NPC recytosolic calcium signals can influence nuclear calcium. mains unknown. Whether it represents the central chanBootman, based on studies on HeLa cells, showed that nel that is gated, or whether it is merely transported cytosolic Ca 2ϩ puffs generated at a mean distance of material in transit is a subject of ongoing debate. Ac-4-6 m from the NE were almost instantly transmitted cording to Aebi, contribution to the mass of this central to the nucleus, whereas Ca 2ϩ puffs produced at distance plug stems from the terminal ring of the nuclear basket greater than 6 m from the nucleus were not transmitted which, in projection, superimposes onto the central (Lipp et al., 1997) . In the case of pancreatic acinar cells, pore. Furthermore, by EM one can often see through Petersen showed that calcium signals are generated far the central pore into the nuclear basket when visualizing away from the nucleus and therefore Ca 2ϩ rises in the the NPC from its cytoplasmic face. -binding proteins have CREB, namely CREM (during spermatogenesis). Anbeen identified in the nucleus, and prominent among other example is provided by the CCAAT enhancer elethese is calmodulin. A. R. Means (Pharmacology and ment-binding protein ␤ (C/EBP␤). There is evidence that Cancer Biology, Duke University, Durham) reminded the nuclear CaM kinase can phosphorylate C/EBP␤ at a site audience that just a few years ago the very existence within its leucine zipper, which results in potentiation of of a nuclear calmodulin pool was vigorously debated, its transcriptional activity. CaM kinase phosphorylawhereas now it has become a central theme of nuclear tion may regulate the CREB-mediated transcription resignal transduction. Other members of the EF-hand famsponse through modulation of differential dimerization. ily of calcium-binding proteins such as calreticulin (CaAn added level of complexity is provided by the tranmacho and Lechleiter, 1995) have been localized to the scriptonal coactivator proteins CBP or its close relative cell nucleus. Calbindin-D 28k has also been found in nerve p300. Indeed, upon phosphorylation on Ser 133 , CREB cell nuclei. Calbindin-D 28k does not possess a classical fixes CBP/p300. nuclear localization sequence (NLS). However, its moOther Ca 2ϩ -regulated serine/threonine kinases have lecular mass is 28 kDa, and most proteins that are imbeen identified in the nucleus. For instance, rat liver ported into the nucleus through NLS-dependent mechanuclei contain PKC type ␤, which is a Ca 2ϩ -dependent nisms are larger than 30 kDa. Thus, it may use an isoform (Rogue et al., 1990) . T. Millward (FMI, Basel) alternative route to enter the nucleus, such as the pathdescribed Ndr, a novel serine/threonine kinase activated way regulated by intralumenal calcium that operates for not only by calmodulin but by protein S100B. Ndr kinase relatively small proteins. Nucleolin is yet another Ca 2ϩ -is a member of a subfamily of kinases that regulate cell binding multifunctional protein that is subject to regulacycle progression and cell morphogenesis. N. Agell (Cell tion by nuclear Ca 2ϩ , as was discussed by B. Abrenica Biology, University of Barcelona) discussed the role of (Faculty of Dentistry, University of Manitoba, Winnipeg).
calmodulin in the localization to the nucleus of CDKs The nature of the targets for Ca 2ϩ and calmodulin in (cyclin-dependent kinases, a family of serine/threonine the nucleus was also adressed. In the central nervous kinases that regulate progression through the cell cycle). system (CNS), one of these targets is the transcription Calmodulin is involved in G1 progression, and anti-CaM factor CREB (CRE-binding protein). CREB is phosphoryantibodies that block cell cycle progression inhibit CDK4 lated on a specific residue (Ser 133 ) within 1 min after Ca 2ϩ activity by preventing translocation to the nucleus of its entry by synaptic activation of N-methyl-D-aspartate regulatory subunit cyclin D. In this regard, it may be of (NMDA) receptors and L-type Ca 2ϩ -channels. K. Deisinterest to mention that the role of calmodulin in the cell seroth (Molecular and Cell Physiology, University of cycle was also discussed by T. Davis (Biochemistry, Stanford) described experiments showing that under University of Washington, Seattle), who showed that these conditions calmodulin is the messenger that cartemperature-sensitive mutations of the Spc110p calries the Ca 2ϩ signal into the nucleus (Deisseroth et al., modulin-binding site in S. cerevisiae interfere with spin-1996). Nuclear calmodulin can be a limiting factor in dle pole body (functional equivalent to centrosome in CREB-Ser 133 phosphorylation (CREB is also phosphoryanimals) formation during mitosis. lated on Ser 133 in response to increased levels of cAMP).
The most convincing evidence for a direct role of nuclear Ca 2ϩ in the regulation of gene expression was There are multiple CREB-kinase candidates, one of presented by H. Bading (MRC, Laboratory of Molecular T. Grundströ m (Cell and Molecular Biology, University Biology, Cambridge) who has shown nuclear and cytoof Umeå ) discussed the regulation by nuclear Ca 2ϩ of plasmic Ca 2ϩ control transcription of immediate early another set of transcription factors, the basic helix-loopgene c-fos by distinct mechanisms. It is firmly estabhelix (bHLH) group of proteins. bHLH proteins can be lished that the reason that genes are Ca 2ϩ -sensitive is broadly classified based on their patterns of distribution because of specific DNA sequence motifs present upinto the ubiquitous class A proteins (or E proteins, such stream in the promoter region. The cAMP response eleas E2A) and the tissue-specific class B proteins (such ment (CRE) and the serum response element (SRE) are as MyoD NPC periphery or virus disassembly. These results high-A rapidly emerging topic in signaling is the calmodulinlight the involvement of NE Ca 2ϩ stores in nuclear import dependent protein phosphatase calcineurin, which could processes. provide an additional explanation for the spatial segreThe transport of proteins through the nuclear pores gation of Ca 2ϩ -mediated gene expression. Earlier this was discussed by F. Melchior (The Scripps Research year, Dolmetsch et al. (1997) reported that low concenInstitute, La Jolla) and J. A. Hanover (Laboratory of Cell trations of Ca 2ϩ activate the MAP kinase pathway and Biochemistry and Biology, NIH, Bethesda). Melchior dethe transcription factor NF-AT (nuclear factor of actiscribed that the inhibition of Ran GTPase activity arrests vated T cells), whereas much larger elevations (Ca 2ϩ nuclear protein import. Melchior also showed (Mahajan spike) stimulate other transcriptional regulators (JNK et al., 1997) that the Ran-GTPase-activating protein Ranand NF-B for instance). A. Rao (Pathology, Harvard GAP1 is localized at the cytoplasmic periphery of the Medical School, Boston) described the regulation of NFNPCs via the 358 kDa NPC protein RanBP2, which is a AT, which involves antagonistic interactions between constituent of the cytoplasmic fibrils and binds RanGTP calcineurin and NF-AT kinases at the level of the NF-(but not RanGDP). Hanover described another nuclear AT regulatory domain (Rao et al., 1997) . NF-AT protein protein import pathway that is stimulated by calcium and normally resides in the cytoplasm. In response to cell calmodulin and is GTP-independent. Indeed, nuclear stimuli that result in Ca 2ϩ mobilization and activation import of a green fluorescent protein (GFP) ligand was of calcineurin, NF-AT translocates to the nucleus. This calmodulin-dependent and inhibited by calmidazolium. translocation depends upon the dephosphorylation by Nuclear import was completely suppressed by combincalcineurin of a residue in the N-terminal regulatory doing thapsigargin and calmidazolium. Since the GTPmain of NF-AT, thus unmasking an NLS. The action of dependent nuclear import pathway described by Melchior calcineurin is countered by one or more NF-AT kinases, was also inhibited by thapsigargin, Hanover proposed which phosphorylate the NF-AT regulatory domain and that, in stimulated cells, the release of Ca 2ϩ from its ER/ prevents nuclear import. NF-AT kinase is itself regulated NE stores inhibited GTP-dependent transport, thereby positively by an NF-AT kinase kinase. The possible role switching NLS protein import to GTP-independent system. of nuclear Ca 2ϩ in this process remains to be understood. F. McKeon (Cell Biology, Harvard Medical School, Nuclear Ca 2؉ in Apoptosis and Disease States Boston) implicated PKC⑀ in the phosphorylation of NF-
The role of cytosolic Ca 2ϩ in triggering programmed cell AT in the nucleus. However, PKC⑀ is not a Ca 2ϩ -dependent isoform.
death (PCD) and apoptosis is well established. More Ca 2ϩ is transported to the NE by distinct mechanisms and is released into the nucleoplasm via the IP3 receptor located on the inner nuclear membrane. Calcium is discharged from the nucleoplasm through the nuclear pores. The function of nuclear calcium in activating protein kinases and consequent nuclear responses are illustrated. Prominent among these are CRE-dependent transcription and protein import. recently, nuclear Ca 2ϩ has also been implicated in Nonetheless, it has been shown recently that presenilins are substrates for caspases (Loetscher et al., 1997) and apoptosis. Ca 2ϩ -dependent endonucleases are activated (Jones et al., 1989) in several experimental systhat caspase-3-generated presinilin-2 fragments may regulate apoptosis (Vito et al., 1997) . The most recent tems. Ca 2ϩ -dependent proteases are also involved. Apoptotic lamin proteolysis is seen when nuclei from localization of Alzheimer presenilins on the inner nuclear membrane (Li et al., 1997) provides the opportunity for untreated cells are incubated in the absence of cytosol but in the presence of Ca 2ϩ and Mg 2ϩ . P. Nicotera (Mouncovering the role of nuclear Ca 2ϩ in the regulation of apoptosis and ultimately its role in neurodegenerative lecular Toxicology, University of Konstanz) suggested that one of the enzymes responsible for this effect is disorders. a Ca 2ϩ -dependent serine protease associated with the nucleus scaffold. The caspase family of enzymes, which
A Model Emerges
The nucleus has become a major new frontier for underare essential effectors of cell death, may also be required for its nuclear manifestations.
standing the role of Ca 2ϩ in cell physiology. It now appears that nuclear Ca 2ϩ signals are generated not only Another indication of the role of nuclear Ca 2ϩ in apoptosis involves the members of the bcl-2 family, by transport into and out of the nucleoplasmic space but also into and out of the NE, which serves as the which are located on the outer nuclear membrane. In view of the role of bcl-2 in regulating the Ca 2ϩ buffering pool for nuclear Ca 2ϩ
. The Ca 2ϩ signals thus generated serve to regulate specific Ca 2ϩ -dependent nuclear procapacity in the ER and mitochondria, it is possible that the nuclear bcl-2 could have a similar function. Indeed, cesses. A mechanistic model for various responses where nuclear Ca 2ϩ intervenes is illustrated by Figure 1 . Marin et al. (1996) have shown that apoptosis suppression by bcl-2 is correlated with exclusion of Ca 2ϩ from The ensuing years will focus research on some of these pathways and our understanding of calcium in the nuthe nucleus. Conversely, an intranuclear Ca 2ϩ increase was observed in control cells undergoing apoptosis.
cleus will advance further. To paraphrase Bassanio, from The Merchant of Venice, one answer today to the Apoptosis provides a model for understanding pathologies such as Alzheimer's disease. The role of apoptosis question "Tell me where is calcium bred?" clearly is, "Reply, reply: It is engendered in the nuclei." in this common neurodegenerative disorder is debated.
